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Intrinsic detection efficiency of superconducting single photon detector in the
modified hot spot model
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We theoretically study the dependence of the intrinsic detection efficiency (IDE) of supercon-
ducting single photon detector on the applied current I and magnetic field H . We find that the
current, at which the resistive state appears in the superconducting film, depends on the position
of the hot spot (region with suppressed superconductivity around the place where the photon has
been absorbed) with respect to the edges of the film. It provides inevitable smooth dependence
IDE(I) when IDE ∼ 0.05− 1 even for homogenous straight superconducting film and in the absence
of fluctuations. When IDE . 0.05 much sharper current dependence comes from the fluctuation
assisted vortex entry to the hot spot located near the edge of the film. We find that weak magnetic
field strongly affects IDE when the photon detection is connected with fluctuation assisted vortex
entry (IDE≪ 1) and it weakly affects IDE when the photon detection is connected with the current
induced vortex entry to the hot spot or nucleation of the vortex-antivortex pair inside the hot spot
(IDE∼ 0.05 − 1).
PACS numbers:
I. INTRODUCTION
At the moment there are several phenomenological
models which try to describe the detection mechanism
of superconducting single photon detectors - SSPD (for
their comparison see for example Ref. [1]). In this paper
we study how one of the main characteristic of SSPD -
intrinsic detection efficiency (IDE) depends on the cur-
rent and magnetic field in the modified hot spot model,
which takes into account both the nonuniform current
distribution around the hot spot (current crowding ef-
fect [8]) and suppression of the superconductivity by the
current [2]. In comparison with the system detection effi-
ciency, which defines the probability to detect the photon
by the whole detector, IDE has a meaning of probability
to detect the photon when it is absorbed by the main el-
ement of SSPD - superconducting current-carrying film
in the form of meander [3].
The used modified hot spot model has two main qual-
itative differences with previous hot spot models [4–7]:
we solve the current continuity equation divj = 0 in the
film with the hot spot (which automatically gives us the
maximal value of the current density near the hot spot
even if it is located far from the edges of the film) and we
take into account the back effect of the current redistribu-
tion on the superconducting order parameter in the film
with hot spot (which gives us nucleation of the vortex-
antivortex pair inside the hot spot located far from the
edges of the film). The used phenomenological model of
the hot spot cannot relate quantitatively the energy of
the photon with the size of the hot spot and how strong
the superconductivity is suppressed inside it. But we
∗Electronic address: vodolazov@ipmras.ru
demonstrate that the radius of the hot spot and level
of suppression of superconductivity affect the photon de-
tection mechanism and dependencies IDE(I) and IDE(H)
only quantitatively.
When the hot spot (region with partially or completely
suppressed superconductivity) appears in the supercon-
ducting film after photon absorption the superconducting
current avoids that region and it ’crowds’ near the hot
spot. The current crowding effect in thin superconduct-
ing films with geometric inhomogeneities attracted large
attention last years both from theoretical [8, 9] and ex-
perimental [10–13] points of view. In Ref. [8] among dif-
ferent problems there was considered the superconduct-
ing semi-infinite film with the edge defect in the form of
the semicircle (semicircular notch - see Fig. 18 in Ref.
[8]). This problem is mathematically equivalent to the
infinite film with a circular notch and when the diameter
of the notch D = 2R is much larger than the coherence
length the critical current is equal to the half of the de-
pairing current (see Fig. 19(b) in Ref. [8]) which is con-
sequence of the current crowding near the notch. This
result coincides with our result for the finite width film
with the normal spot (see Eq. (12) in Ref. [2] in the
limit γ → 0) when w ≫ 2R, i.e. when the film becomes
formally ’infinite’. Finite width of the film changes this
universal result and besides the critical current depends
now on the position of the normal spot (or notch) with
respect to the edges of the film.
In our previous work [2] we consider two locations of
the hot spot: in the center and at the edge of the film.
We find that in these two limiting cases the resistive state
starts (in absence of fluctuations) at different critical cur-
rents, which were called as a detection currents Idet, via
appearance of the current induced vortices and their mo-
tion across the film. We stress here that vortex nucleation
is the direct consequence of the spatially nonuniform dis-
2tribution of the superconducting order parameter and su-
percurrent in the superconducting film with the hot spot.
In this work we find Idet at different locations of the
hot spot in the film. We show that Idet reaches the min-
imal value Imindet when the hot spot is located near the
edge of the film and it has maximal value when the hot
spot is located in the center of the film. We also calculate
the energy barrier for the vortex entry to the supercon-
ducting film with the hot spot when I < Imindet and find
the rate of fluctuation assisted vortex entry as function
of the current. These results allow us to calculate depen-
dence IDE(I) in wide range of the currents and we argue
that vortices play important role both when IDE≃ 1 and
when IDE≪ 1. Application of the magnetic field de-
creases locally the current density in one half of the film
and increases it in another half because of field induced
screening currents. We show that in the used model it
leads to strong increase of IDE when the photon detec-
tion is governed by the fluctuation assisted vortex entry
to the film (IDE≪ 1) and the effect becomes much weaker
when the photon detection is determined by the current
induced vortex entry (IDE∼ 0.1− 1).
II. MODEL
In our hot spot model (as in other hot spot models
[4–7]) it is assumed that in the place, where the photon
is absorbed, there is nonequilibrium (’heated’) distribu-
tion of the quasiparticles over the energy which locally
suppresses the superconductivity and it leads to redistri-
bution of the current density in the film. Calculation of
actual nonequilibrium distribution function of quasipar-
ticles fneq needs solution of the kinetic equation and it
is very complicated problem [14] and we do not study
it in this work. Our aim is to study how the presence
of the region with locally suppressed superconductivity
(superconducting order parameter) affects the value of
the critical current, at which the superconducting state
of the film with hot spot (HS) becomes unstable. For
this purpose we numerically solve the Ginzburg-Landau
equation for the superconducting order parameter
ξ2GL
(
∇− i2e
~c
A
)2
∆+
(
1− Tbath
Tc
+Φ1 − |∆|
2
∆2GL
)
∆ = 0
(1)
with the additional term
Φ1 =
∫ ∞
|∆|
2(f0 − f)√
ǫ2 − |∆|2 dǫ, (2)
which takes into account the impact of nonequilib-
rium quasiparticle distribution function f(ǫ) 6= f0(ǫ) =
1/(exp(ǫ/kBTbath) + 1). In Eq. (1) A is a vector poten-
tial, ξ2GL = π~D/8kBTc and ∆
2
GL = 8π
2(kBTc)
2/7ζ(3) ≃
9.36(kBTc)
2 are the zero temperature Ginzburg-Landau
coherence length and the order parameter correspond-
ingly. Together with Eq. (1) we also solve continuity
equation divjs = 0 (js is a superconducting current den-
sity) to find the distribution of the current density.
In numerical calculations it is convenient to use di-
mensionless units. Therefore we scale the length in units
ξ(Tbath) = ξGL/(1 − Tbath/Tc)1/2, ∆ in units ∆eq =
∆GL(1 − Tbath/Tc)1/2 and A in units Φ0/2πξ (Φ0 is a
magnetic flux quantum). In these units Eq. (1) has a
following form
(
∇− iA˜
)2
∆˜ +
(
α− |∆˜|2
)
∆˜ = 0, (3)
where α = (1− Tbath/Tc +Φ1)/(1− Tbath/Tc).
In Eq. (3) the effect of absorbed photon on the su-
perconducting properties of the film is described by the
parameter α (in equilibrium α = 1) which is determined
by f(ǫ). In our model we put α = const < 1 inside
the hot spot region which leads to local suppression of
|∆| not only inside but also outside the hot spot (due
to proximity effect). Surely this assumption oversimpli-
fies the real situation where α depends on the coordinate
and we cannot expect that our results are quantitatively
valid. But below we demonstrate that qualitatively the
obtained results does not depend on actual value of α
(which governs the suppression of |∆| inside HS) and we
expect that they are valid in the real situation with co-
ordinate dependent α(r).
To have an insight on the possible values of α one can
use the local temperature approach which implies that
f(ǫ) can be described by the Fermi-Dirac function with
the local temperature Tloc which is different from the
bath temperature Tbath. It is easy to show (with help of
Eq. (3)) that in this limit
α(~r, t) = (1− Tloc(~r, t)/Tc)/(1 − Tbath/Tc) (4)
The area where Tloc > Tbath increases in time due to
diffusion of hot quasiparticles from the place where the
photon was absorbed. From Eq. (3) it follows that the
order parameter is suppressed stronger in the place where
Tloc > Tc and α < 0. At some moment in time the
region where Tloc > Tc reaches the maximal size and it is
naturally to model the hot spot by the circle with radius
R and put α = 0 inside the circle. In this case the radius
of the spot R and energy of the absorbed photon ch/λ
are roughly related as
η
ch
λ
≃ dπR2H
2
cm
8π
(5)
where Hcm = Φ0/2
√
2πξλ2L is the thermodynamic mag-
netic field, λL is the London penetration depth, d is the
thickness of the film and H2cm/8π is the superconduct-
ing condensation energy per unit of volume. Coefficient
0 < η < 1 takes into account that only part of the energy
of the photon is delivered for suppression of ∆ and the
rest of the photon’s energy goes for heating of quasipar-
ticles and phonons.
When the photon is absorbed at the edge of the film
the nonequilibrium quasiparticles cannot leave the sam-
ple and we model the hot spot by the semicircle with
3larger radius R′ =
√
2R to keep the area of the hot spot
unchanged.
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FIG. 1: Model geometry: two-dimensional film with width
w and transport current I placed in perpendicular magnetic
field. The hot spot is modelled by the finite size region where
α < 1 (it models the heating of quasiparticles in this region
due to absorbed photon).
From Eq. (3) it follows that for the spots with R ≫ ξ
the order parameter inside the hot spot is ≃ √α∆eq when
α ≥ 0, and it is equal to zero when α < 0. Remind
here that different α corresponds to different level of the
nonequilibrium inside the hot spot (in the local temper-
ature approximation this relation is given by Eq. (4)).
Due to proximity effect the order parameter is suppressed
partially also at r > R and it becomes larger than
√
α∆eq
inside the hot spot when the radius is about of the co-
herence length.
In numerical calculations we consider the film of finite
width w and length L = 4w with different locations of
the hot spot (region where α < 1) across the film - see
Fig.1. We also add to the right hand side of Eq. (3)
the term with time derivative ∂∆˜/∂t which allows us to
find not only the value of the critical current (above this
current there is no stationary solution of Eq. (3)) but
also the place in the film where vortices nucleate.
III. DETECTION CURRENT
Let us now to discuss what is the mechanism of de-
struction of the superconducitng state in the supercon-
ducting film with the photon induced hot spot. We find
that when the hot spot is located at the edge of the film
and the current exceeds the critical value Ipass the vortex
enters the hot spot via edge of the film and than it passes
through the film (see the sketch in the Fig. 2(a)). In Ref.
[2], in the local temperature approach, we find that the
vortex motion may strongly heat the superconductor and
it leads to the appearance of the normal domain. In the
following we assume that passage of even single vortex
through the film is a sufficient condition for destruction
of the superconducting state in the superconductor bi-
ased at the current, not much smaller than the depairing
current.
We also find that for relatively large radius of the hot
spot (R & 3ξ when α = 0) at currents Ien < I < Ipass
the vortex enters the hot spot, but it cannot leave it (the
similar effect was found earlier in Ref. [15] at study of
the effect of edge defects on the vortex penetration to
the superconducting film). The hot spot, as a region
with suppressed superconductivity, could be considered
as a photon induced pinning center and vortex becomes
unpinned only at the current I ≥ Ipass. But in con-
trast with the usual pinning center the hot spot exists
only during short period of time min(τe−ph, τe−e), where
τe−ph and τe−e are the inelastic relaxation times due to
electron-phonon or electron-electron interaction, respec-
tively. Indeed, the nonequilibrium quasiparticles with
energy ǫ < ∆eq cannot diffuse out the hot spot and they
relax to equilibrium via (whatever is stronger) electron-
phonon or electron-electron interaction with quasiparti-
cles having energy ǫ > ∆eq and which can diffuse away
from the region with suppressed |∆|.
I
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FIG. 2: Schematic representation of mechanisms of destruc-
tion of the superconducting state at different locations of the
hot spot: (a) the hot spot in the form of semicircle is located
at the edge of the film, (b) the hot spot is located close to the
edge of the film (δw . 2ξ), c) the hot spot is located at dis-
tance δw & 2ξ. In cases (a,b) the vortex enters via the nearest
edge of the film, while in the case (c) the vortex/antivortex
pair is nucleated inside the hot spot.
Therefore, in the range of the currents Ien < I < Ipass
4the vortex is temporarily pinned and after ’dissociation’
of the hot spot it becomes unpinned and can pass through
the film or exit via the nearest edge due to interaction
with its ’image’ outside the film. Our numerical sim-
ulations with help of time dependent Ginzburg-Landau
equation and time dependent α(t) confirm both scenario.
Starting from the hot spot state with α = 0 and pinned
vortex we gradually increase α in time up to its equi-
librium value α = 1 (no hot spot state). We find that
when the current is just above Ien the vortex exit via the
nearest edge, while at relatively larger currents (less than
Ipass) vortex goes through the film.
When the spot is located near the edge of the film (see
Fig. 2(b)) there are the same characteristic currents Ien
and Ipass - first one corresponds to the vortex entrance to
the hot spot and the second one to its unpinning and the
free passage of the vortex through the film. In contrast
with the case drawn in Fig. 2(a), when the hot spot ’dis-
sociates’ the vortex passes the film in the whole current
interval Ien < I < Ipass. We explain it by the larger dis-
tance from the nearest edge and smaller attraction force
from the ’image’ of the vortex.
When the distance (δw in Fig. 2(b,c)) between the
’edge’ of hot spot and the edge of the film exceeds ∼
2ξ the vortex/antivortex pair is nucleated inside the hot
spot at the current Ipair . Again, if R & 3ξ vortex and
antivortex becomes unpinned at larger current Ipass >
Ipair . For such a location the ’dissociation’ of the hot
spot leads to the annihilation of the vortex-antivortex
pair and their passage through the film occurs only at
I ≥ Ipass.
We find that with increasing the radius of the hot spot
the gap between currents Ien (or Ipair) and Ipass in-
creases. For spots with R . 3ξ and α = 0 these two cur-
rents coincide (which is connected with relatively large
value of |∆| inside the spot and worse ability to pin the
vortices). The obtained results are rather general and
depend on the specific value of α and width of the film
only quantitatively.
The physical origin for the found results is following.
Due to the current crowding effect the current density
reaches maximal value near the hot spot (see Fig. 3(b)).
But simultaneously there is an enlargement of the super-
velocity vs ∼ js/|∆|2 in or around the hot spot (see Fig.
3(c)). The last effect is crucial for stability of the super-
conductivity because the superconducting state becomes
unstable when the velocity of superconducting electrons
exceeds some critical value [15] (which is similar to the
instability criteria for flowing superfluid helium). In the
system with the uniform distribution of the order param-
eter and current density it coincides with the condition
that the current density reaches the depairing current
density jdep. But inside and around the hot spot there is
a gradient of both |∆| and j (see Figs. 3(a,b)), these two
criteria do not coincide and the vortices nucleate in the
place where the supervelocity reaches the maximal value.
Note, that quantitatively both these criteria are not too
far from each other, because when the vortex enters the
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FIG. 3: Distribution of the order parameter (a), current den-
sity (b) and supervelocity (c) across the film (along the dashed
lines shown in the Figs. 2(a-c)) with different locations of the
hot spot. The applied current is just below Ien(or Ipair).
hot spot (or the vortex/antivortex pair is nucleated in-
side the hot spot) the maximal current density near the
spot is close to jdep (see Fig. 3(b)).
With above findings we define the photon detection
current Idet as a current at which at least one vortex
can pass through the film after appearance of the photon
induced hot spot. This current is equal to Ipass when the
vortex/antivortex pair is nucleated inside the hot spot or
it is equal to Ien when the single vortex enters the hot
spot via edge of the film. For the hot spot located at the
edge of the film (see Fig. 2(a)) we also take into account
that the vortex passes the film at current a bit larger
than Ien.
IV. DEPENDENCE OF Idet ON THE LOCATION
OF THE HOT SPOT AT H=0
In Fig. 4 we present dependence of Idet on the coor-
dinate of center of HS with different radiuses R = 2ξ,
4ξ and 5ξ which roughly correspond to the photons with
λ/η = 25µm, 6.3µm and 4.0µm, respectively (note, that
η ≃ 0.1 − 0.4 according to previous estimations [6, 16]
5and for calculation of λ with help of Eq. (5) we use pa-
rameters of TaN film [16] with thickness d = 3.9nm).
One can see that the minimum of the detection current
is reached when HS ’touches’ the edge of the film and
it is maximal when HS seats in the center of the film.
We argue that this result is the consequence of different
current crowding at different locations of the hot spot
in the film. Indeed, when HS approaches the edge of
the film the current crowding increases in the narrowest
sidewalk (and simultaneously the supervelocity inside the
hot spot increases) and the vortices nucleate and becomes
unpinned at the smaller applied current. But when the
hot spot approaches the edge of the film its linear size
decreases from 2R up to
√
2R (we keep the area of the
hot spot constant, because it is created by the photons
of the same energy) and the current crowding decreases.
It leads to increasing the applied current at which the
vortex can enter the hot spot.
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FIG. 4: Dependence of the detection current on the location
of the hot spot with different radiuses in the film with w = 20ξ
.
How the results shown in Fig. 4 are related to the in-
trinsic detection efficiency of superconducting single pho-
ton detectors? Consider for example the photon which
creates the hot spot with radius R = 4ξ. Let the trans-
port current I is equal to 0.5Idep (dashed line in Fig. 4).
Then the part of the film where Idet < I detects the ab-
sorbed photons while the rest of the film (regions near
both edges and the center of the film) cannot detect such
a photons and IDE< 1. Only when the current exceeds
the threshold value (Ithr = I
max
det ≃ 0.58Idep for R = 4ξ)
the whole film participates in detection of photons and
IDE= 1.
If the transport current I < Imindet ≃ 0.35Idep then IDE
goes to zero in absence of fluctuations (when R = 4ξ).
Fluctuations favor the creation of the vortices and they
may provide the finite IDE even at I < Imindet . To distin-
FIG. 5: (a) Energy barrier for the vortex entry to the hot spot
with radius R = 4ξ (α = 0) located at different distances δw
from the edge of the film. Solid line shows the minimal energy
barrier at given value of the current. (b) Current dependence
of the minimal barrier for the vortex entry to the hot spots
with different radiuses and α. Dashed line corresponds to the
dependence ∆F/E0 = 1 − I/Ic following from the London
model for the vortex entry to the straight film without the
hot spot (when I ∼ Ic).
guish this process from the current induced vortex pen-
etration at the current I > Ien we use the term ’fluctua-
tion induced vortex penetration’ when I < Ien. Because
the barrier for the vortex entry increases rapidly with de-
creasing current [17–19] the main contribution to the fluc-
tuation assisted IDE 6= 0 comes from the photons which
create the hot spot near the edge of the film, where Idet is
minimal. For this location of HS the vortex enters via the
edge of the film and one needs to calculate the energy bar-
rier for the vortex entry to the hot spot at I < Ien = Idet.
In the Fig. 5(a) we show calculated barrier ∆F (the
energy is scaled in units of E0 = Φ
2
0d/16π
2λ2L) for the
different locations of the hot spot with R = 4ξ (∆F is
found using the numerical procedure from Ref. [19]).
The energy barrier increases rapidly below some current
I∗(δw) < Idet(δw) (see Fig. 5(a)) because at currents
I . I∗ the vortex cannot be pinned by the hot spot and
it exits via the nearest edge of the film.
6One can see from the Fig. 5(a) that for given value
of the current there is a minimal barrier for the vor-
tex entry ∆Fmin when the hot spot is located at spe-
cific distance from the edge of the film. In Fig. 5(b)
we show dependence ∆Fmin(I) found for different ra-
diuses of HS and α. Note that when I ∼ Imindet the energy
barrier increases much slowly with the current decrease
as compared to the dependence ∆F (I) for the vortex
entry to the film without HS, which follows from the
London model [17, 18] (∆FL/E0 ∼ (1 − I/Idep) - see
dashed line in Fig. 5(b)) or Giznburg-Landau model [19]
(∆FGL/E0 ∼ A(w)(1−I/Idep), with A(w) ∼ 1.5−1.8 for
films with w = 7 − 30ξ) models at I ∼ Idep. Physically
it is connected with suppressed order parameter in the
sidewalk between the hot spot and edge of the film (see
Fig. 3(a)). As a result it costs less energy for creation of
the vortex (or vortex nucleus [19]) there.
FIG. 6: Dependence of intrinsic detection efficiency on applied
current which follows from nonmonotonic dependence Idet(y)
(at I > Imindet ) and finite probability for vortex entry due to
fluctuations at I < Imindet (area below the dashed line). Dotted
curve corresponds to dependence IDE(I) following from the
hot belt model [18] for one energy of the photon (qualitative
presentation).
IDE in the fluctuation region could be found with help
of Arrhenius law IDE= βexp(−∆Fmin/kBT ) where the
coefficient β in front of the exponent is equal IDE at
I ≃ Imindet (we choose β = 0.05 because of rapid decrease
of Idet near the I
min
det - see Fig. 4). Using parameters of
TaN film [16] (λL = 560nm, d = 3.9nm) and T = 4K we
find F0/kBT ≃ 62. In Fig. 6 we plot IDE as a function of
the current for photons with different wavelengths (which
create the hot spots with different radiuses). In the same
figure we plot the sketch of dependence IDE(I) which
follows from the hot belt model [18] (dotted curve). In
the hot belt model IDE< 1 is explained exclusively by
the effect of fluctuations, which leads to the fast drop
of IDE with current decrease. Much smoother change of
IDE from 1 up to ≃ 0.05 in the modified hot spot model
exists even at T = 0 and it changes on much faster decay
when IDE. 0.05 where it is finite only due to fluctuations
(qualitatively it is similar to the hot belt model).
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FIG. 7: Dependence of intrinsic detection efficiency on the
wavelength for the superconducting film with w = 20ξ and
different transport currents. In calculations we use parame-
ters of TaN film from Ref. [16].
We also calculate dependence IDE(λ) at fixed current.
For this purpose one needs to find the part of the film
where Idet(y) is smaller than the transport current for
chosen R (i.e. wavelength). Because we know the barrier
for the vortex entry to the hot spot we are able to calcu-
late fluctuation induced IDE too. In Fig. 7 we present re-
sults of these calculations. As in dependence IDE(I) one
may distinguish two regions: relatively smooth variation
of IDE with λ when it varies in the range ∼ 0.05− 1 and
much faster decay of IDE at larger wavelengths, where
IDE is finite only due to fluctuation assisted vortex en-
try to the hot spot. Qualitatively found results resemble
experimentally observed dependence IDE(λ) (see for ex-
ample Refs. [3, 16]).
V. EFFECT OF THE MAGNETIC FIELD
How do dependencies Idet(y) and IDE(I) change in the
presence of the applied magnetic field? In Fig. 8 we plot
the current density distribution in the superconducting
film with and without perpendicular magnetic field when
there is no hot spot. One can see that in the presence
of low magnetic field the current density increases in the
left half of the film and it decreases in the right half of the
film (for opposite direction of H the situation is opposite).
Here under low magnetic field we mean fields H < Hs/2,
where Hs ≃ Φ0/4πξw is a magnetic field at which the
surface barrier for vortex entry to the straight supercon-
ducting film is suppressed [20] (for film with w = 20ξ,
Hs/2 ≃ 0.025Hc2). Using the results of section IV one
may expect that the detection current becomes smaller
(in comparison with the case H = 0) for HS appearing
7in the part of the film with locally enhanced current den-
sity and vise versus in the opposite case. Our numerical
calculations support this idea (see Fig. 9). Indeed, when
H increases Idet decreases in the left half of the film and
it increases in the right half of the film. Note that Idet
changes much weaker in the central part of the film be-
cause of relatively small change of the current density
there (see Fig. 8).
y
jx
H =0z
H >0z
w/2-w/2
Ic
I
FIG. 8: Distribution of the current density in the narrow
superconducting film with the transport current, placed in
perpendicular magnetic field.
We also calculate the minimal energy barrier for the
vortex entry (see Fig. 10) to the hot spot located near the
left and right edges of the film at different magnetic fields.
From Fig. 10 it follows that the shape of dependence
∆Fmin(I) weakly changes at low magnetic fields H ≪
Hs while detection current in the left and right minima
(IL,Rdet ) varies linearly with the magnetic field (see inset
in Fig. 10).
With the help of found results we calculate how IDE
changes at weak magnetic fields (see Fig. 11). Because
Ithr stays practically unchanged (see Fig. 9) while I
min
det
decreases with increase of H (see inset in Fig. 10),
the strongest change of IDE occurs at I < Imindet when
IDE. 0.05. Note that the hot belt model [18] pre-
dicts relatively large change of IDE in whole range of
0 <IDE< 1 and linear decrease of the threshold current
when H increases (see dash-dotted curves in Fig. 11).
Indeed, in the hot belt model Ithr is equal to the criti-
cal current of the film with the hot belt, which decreases
linearly at weak magnetic field (like as ILdet in the inset
in Fig. 10).
VI. DISCUSSION
The vortex-assisted mechanism of the photon detection
was discussed previously in several works [2, 3, 18, 21]. In
contrast with Refs. [3, 21] we argue that the vortices play
important role in all range of 0 <IDE< 1 and not only
when IDE≪ 1 is determined by the fluctuation assisted
vortex entry or unbinding of the vortex-antivortex pair.
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different magnetic fields. Data for the hot spot with α = 0.25
are shifted upwards by δI/Idep = 0.1 for clarity.
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From the hot belt model [18] it follows that threshold cur-
rent Ithr (at which IDE is about of unity) decreases lin-
early with increase of the magnetic field while we predict
very weak dependence (increase) of Ithr at low magnetic
fields H . Hs ≃ Φ0/4πξw.
Our model also predicts that at current I & Imindet
(where Imindet depends on the radius of the hot spot and,
hence, on the energy of the photon - see Fig. 4) the
8photon count rate varies with the magnetic field much
weaker than at smaller currents (see Fig. 11 - note, that
some signs of this effect were observed in Ref. [25] -
see Fig. 3 there). To observe this effect experimentally
it is preferable to use the materials with the threshold
current Ithr much smaller than critical current of the
superconducting film (like in materials studied in Refs.
[16, 22–24]) because in this case one can vary magnetic
field in wide range and do not overcome the critical cur-
rent Ic(H). Experimentally I
min
det for each photon’s wave-
length could be determined from the dependence of de-
tection efficiency (DE) on the current if it saturates (and
DE(I) has a plateau) at large currents. According to our
calculations at I = Imindet the DE≃ 0.05DEplateau (which
corresponds to IDE ≃ 0.05). But in our model we con-
sider only straight homogenous film, while real SSPD are
based on the superconducting meanders which have the
bends, structural defects and variations of the thickness
and/or width. Therefore the minimal detection current
may correspond to the different location of the hot spot
when the found for the straight film. To demonstrate this
effect in Fig. 12 we show calculated dependence Idet(y)
for the film with 900 degree bend (see inset in Fig. 12).
From Fig. 12 one can see that the photon absorbed near
the inner corner of the bend (the current density is max-
imal there due to current crowding) could be detected at
the smallest transport current. From comparison of Fig.
12 with Fig. 9 one can also see that the bend acts like a
weak magnetic field. This similarity is not accident be-
cause in both cases there are places in the film where the
local current density is maximal and the minimal detec-
tion current corresponds to the absorption of the photon
near that places.
FIG. 11: Dependence of the intrinsic detection efficiency on
the current at different magnetic fields. Dashed-dotted lines
correspond to the dependences IDE(I) following from the hot
belt model at different magnetic fields [18] (qualitative pre-
sentation).
This result demonstrates that in the bent homogenous
film the area near the bend determines both Imindet and
minimal IDE, which is not connected with the fluctua-
tion assisted vortex entry. For example, at I = 0.28Idep
(which is a little above the minimal detection current for
the hot spot with R = 4ξ located near the bend - see
Fig. 12) the minimal energy barrier for the vortex entry
to the straight part of the film with the hot spot is about
0.29E0 (see Fig. 5(a)). Taking into account that typically
E0/kBT & 50 one easily find that the vortex penetration
to the straight part of the film is suppressed by factor
exp(−∆F/kBT ) . 10−6 which is much smaller than the
ratio between the area near the bends and the rest of the
superconducting meander (which is about 10−2 − 10−3
depending on how to estimate the ’active’ area near the
bend). Therefore we expect that in real SSPD the fluctu-
ation assisted vortex entry contributes to the finite IDE
when it becomes smaller than . 10−3 − 10−2.
The actual boundary between the fluctuation assisted
and the current induced vortex penetration (leading to
the detection of the photon) could be deduced from the
experiment with the magnetic field. Indeed, because the
first mechanism is more sensitive to the magnetic field
(see Fig. 11) the IDE at currents I < Imindet should in-
crease much faster than at larger currents.
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FIG. 12: Dependence of the detection current on the coordi-
nate of the hot spot with radius R = 2ξ (solid circles) and
R = 4ξ (solid squares) along the white line in the bent film
shown in the inset. In the same figure we show Idet for the
straight film with w = 20ξ (empty circles and squares). The
critical current of the film with the bend Ic = 0.77Idep (dotted
line).
Discussed above effect could explain the absence of de-
pendence of the photon count rate (PCR) on the mag-
netic field, experimentally found in Ref. [26]. Indeed, in
that work the field dependence was studied in the cur-
rent interval where PCR was changed from its maximal
value by two orders of magnitude (which is equivalent to
similar change in IDE). Therefore it might be that the
minimal used current still was larger than Imindet . As a re-
sult at used in Ref. [26] magnetic fields H < 100Oe and
9Hs ∼ 4000Oe (it is called as H∗ in Ref. [26]) the PCR
could change not more than by several percents (follow-
ing the change of Imindet - see Fig. 9), which is about of
the experimental error in Ref. [26].
On the contrary, in Ref. [25] the strong dependence of
PCR on magnetic field was found at low currents. Com-
parison of the obtained results with the predictions of the
hot belt model [18] made in Ref. [25] demonstrated good
qualitative but bad quantitative agreement. To fit the
experimental results authors needed special dependence
of the characteristic vortex energy (in the presence of
the hot belt - see Eq. (3) in Ref. [25]) on the wavelength
and current (see insets in Fig. 2(b) and 3 in Ref. [25])
which does not follow from the theory of Ref. [18]. Our
model also predicts the strong dependence of PCR on the
magnetic field, but only at the current I < Imindet (λ). Be-
cause the current dependence of the energy barrier for the
vortex entry is not linear (see Figs. 5(b),10) we expect
quasi-exponential increase of PCR at low magnetic fields
which differs from the exponential law (see for example
Eq. (2) in [25] or Eq. (5) in [26]) following from the linear
dependence ∆F (I) in the London model. To make the
quantitative comparison with Ref. [25] one needs to cal-
culate the IDE(I) for the film with the bends (using the
same procedure as in the present work for the straight
film) and find the energy barrier for the vortex entry to
the hot spot, located close to the bend. Our present
results give only qualitative prediction that there exist
some current Imindet (at this current IDE∼ 10−3 − 10−2)
above which the photon count rate weakly depends on
H and at smaller currents it depends on weak magnetic
fields much stronger (quasi-exponentially).
VII. CONCLUSION
In the framework of the modified hot spot model we
predict that the intrinsic detection efficiency of supercon-
ducting single photon detector gradually changes with
the current. The change of IDE from 1 to ∼ 0.01 occurs
due to dependence of the current, at which the resistive
response appears, on the location of the hot spot in the
film. The resistive state starts from the vortex entry
(when the hot spot is located near or at the edge of the
film) or nucleation of the vortex-antivortex pair (when
hot spot is located far from the edge) and their motion
across the film. The change of IDE from ∼ 0.01 up to
zero is connected with the fluctuation assisted vortex en-
try to the hot spot located near the edge of the film, when
the current itself cannot cause the vortex entry.
Weak applied magnetic field (H ≪ Φ0/4πξw strongly
affects (increases) IDE≪ 1 when it is nonzero only due to
fluctuation assisted vortex entry to the hot spot. At the
currents close to the threshold current, at which IDE ≃ 1,
the applied magnetic field weakly affects the detection
ability and may provide only increase of Ithr.
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